Synaptogenesis: Wnt and TGF-β Take Centre Stage  by Salinas, Patricia C
Synaptogenesis: Wnt and TGF-β Take
Centre Stage
Dispatch
Patricia C. Salinas
The formation of functional synapses requires
precise coordination between neurons and their
synaptic targets. Recent studies have identified two
signaling molecules, Wnt and TGF-β, which are
required for formation and growth of the neuromus-
cular synapse.
Synapse formation is fundamental to the development
and function of the brain, and it is thought to be of
central importance in learning and memory. Assembly
of synapses requires coordination between the
neurotransmitter-releasing presynaptic neuron and the
signal-receiving postsynaptic cell. In recent years,
major advances have shown how presynaptic and
postsynaptic components interact during synaptoge-
nesis. Crosstalk between presynaptic and postsynap-
tic cells is essential for the proper apposition of
synaptic components (for review see [1]). The identity
of secreted signalling molecules involved in this
crosstalk is now becoming clearer with the findings
[2–5] that signalling via Wnt and TGF-β occurs at the
neuromuscular synapse.
Wnts are secreted signalling molecules implicated
in many important development processes, notably
embryonic patterning, tissue polarity and cell move-
ment [6]. Recent work has shown that Wnts also reg-
ulate axonal behaviour and synapse formation. The
first evidence that Wnts regulate synapse formation
came from studies in Wnt-7a mutant mice, showing a
delay in cerebellar synaptic maturation [7]. In cultured
neurons, Wnt-7a has been shown to regulate axonal
microtubule organisation and the clustering of pre-
synaptic proteins [7]. Packard et al. [2] have now
reported strong evidence that Wnt signalling plays a
role in the assembly and growth of the Drosophila
neuromuscular junction. 
Packard et al. [2] found that Wingless (Wg) — the
prototypical Drosophila Wnt — and its receptor are
localised at the neuromuscular junction during larval
development [2]. Wg is secreted by the motoneuron
and accumulates at both the presynaptic and
postsynaptic terminals. Consistent with this, the Wg
receptor DFz-2 is localised on both presynaptic and
postsynaptic membranes. These findings suggest that
Wg is an anterograde — that is, forward — signal
regulating the presynaptic and postsynaptic cells. This
contrasts with the mouse Wnt-7a, which functions as
a retrograde — backward — signal to regulate presy-
naptic differentiation [7]. Using a thermosensitive
allele of wg (wgts) to bypass the requirement of Wg
function during early development, Packard et al. [2]
were able to show that secreted Wg is required for the
normal growth and maturation of the neuromuscular
junction. This is the first evidence that Wnt signalling
plays a role at the neuromuscular junction.
Wg signalling appears to regulate the shape, size
and ultrastructure of the neuromuscular junction. The
wgts mutant fly has significantly decreased fewer
synaptic boutons (presynaptic terminals) [2]. These
boutons are larger than normal, with an irregular
morphology. They have fewer ‘active zones’ —
subcellular structures involved in neurotransmitter
release — and mitochondria. Conversely, overexpres-
sion of wg in motoneurons was found to increase the
number of synaptic boutons. The wgts mutant also
exhibits a postsynaptic phenotype [2].
These defects suggest that Wg might signal to both
sides of the synapse. Alternatively, Wg might directly
signal to just one or other terminal — either presynap-
tic or postsynaptic — to elicit secondary changes on
the other side of the synapse. Overproduction of a
dominant-negative form of the receptor Dfz2 in
muscles mimics the wg phenotype [2]. At first sight
this would seem to suggest that Wg signals to the
postsynaptic terminal; however, overproduction of
wild-type DFz-2 in muscles also results in a wg phe-
notype, arguing that postsynaptic DFz-2 may act as a
Wg ‘sink’ that modulates the level of Wg in the synap-
tic cleft. These findings raise the possibility that DFz-
2 may have a novel function as a negative regulator of
Wg signalling at the postsynaptic membrane (Figure
1). But further experiments are needed to test the
direct function of Wg and the role of DFz-2 on each
side of the synapse.
How does Wg regulate the shape and size of
boutons? Lack of wg function induces changes in
microtubule organisation at the presynaptic terminal,
as revealed by staining for Futsch [2]. Futsch is a
homologue of the microtubule-associated protein
MAP-1B which regulates microtubule organisation at
synaptic boutons [8]. The wgts mutant exhibits an
increase in unbundled, splayed and punctate Futsch-
labelled microtubules, suggesting that the cytoskele-
ton in wgts boutons is more dynamic than normal [2].
Just like the wgts mutant flies, futsch mutants also
exhibit a decreased number of boutons with an
increased bouton size, associated with changes in
microtubule organisation [8]. These results suggest
that Wg regulates microtubules at synaptic boutons
by affecting Futsch function. 
These findings are consistent with studies on Wnts
and MAP-1B in developing mouse axons. Wnt-7a
signalling in mouse was shown to lead to increased
microtubule stability and decreased MAP-1B phos-
phorylation (and possibly binding to microtubules)
through inhibition of GSK-3β [9]. GSK-3β is a serine/
threonine protein kinase which directly phospho-rylates
MAP-1B to maintain microtubules in a dynamic state
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[10]. The Drosophila GSK-3β homologue Shaggy is
known to play a central role in Wg–DFz-2 signalling
during early development, so careful analysis of the
neuromuscular junction in shaggy mutant flies may help
to elucidate how Wg signals to synaptic microtubules.
Another important group of signalling molecules,
the TGF-β superfamily, has also recently been impli-
cated in synapse formation. Like the Wnts, TGF-β and
the related bone morphogenetic proteins (BMPs) play
key roles in a variety of developmental and physiolog-
ical processes [11]. In the nervous system, BMP
receptor II and BMPs are expressed in specific neu-
ronal populations [12]. Furthermore, TGF-β2 localises
to the vertebrate neuromuscular junction, while its
receptor is found in motoneurons [13]. The TGF-β
family has also been implicated in dendritic arboriza-
tion and neuronal plasticity in cultured neurons
[14,15]. Although these findings suggested a role for
TGF-β signalling in synapse formation and neuronal
plasticity, functional studies were missing. But new
studies by the O’Connor [3] and Goodman [4] groups
have now clearly shown that TGF-β signalling indeed
plays a role in synaptic assembly and growth at the
Drosophila neuromuscular junction.
O’Connor and colleagues [3] screened a Drosophila
genome library for genes coding for proteins homolo-
gous to TGF-β receptors. Goodman and colleagues [4]
used a genetic screen to identify mutants showing
structural abnormalities at the neuromuscular junc-
tion. Both groups identified wishful thinking (wit), a
gene required for synaptic growth at the neuromuscu-
lar junction [3,4]. The Wit protein is a type II BMP
receptor and it is produced by specific neurons —
including motoneurons — but not in muscle cells. The
wit mutant flies exhibit a reduced neuromuscular
junction, but no obvious postsynaptic defects.
Although bouton size is normal, fewer boutons are
present in the wit mutant. Analyses of neuromuscular
junction formation showed that wit is required at late,
but not early, larval stages, suggesting that Wit is
required for synaptic growth [4].
Consistent with this synaptic growth defect, the cell
adhesion molecule fasciclin II (FasII) was found to be
downregulated in boutons of wit mutants. Interest-
ingly, fasII mutant flies exhibit a similar synaptic
growth defect, with fewer boutons and increased
spacing between boutons [16]. In addition, the presy-
naptic protein synaptotagmin fails to localise specifi-
cally to the synaptic boutons in wit mutants, and
instead is present along the motoneuron terminal.
Although the ligand for the Wit receptor has not yet
been identified, analyses of the downstream signalling
events show that Wit signals to the presynaptic termi-
nal. Staining for phosphorylated Smad, an known
intracellular transductor of BMP signals, revealed that
BMP/TGF-β signalling is activated at the wild-type
presynaptic terminal [3], and this phosphorylation is
completely abolished in the wit mutant [3] (Figure 1).
These findings show that Wit functions as a
BMP/TGF-β receptor at the presynaptic terminal.
Wit regulates presynaptic function. Electromicro-
scopic observations showed that lack of wit function
affects presynaptic, but not postsynaptic, ultrastruc-
ture. In wit mutants, active zones are fewer in number
and have abnormal morphology [4]. Another striking
aspect of the wit mutant phenotype is the presence of
areas where the presynaptic membrane is not closely
apposed to the postsynaptic membrane [3,4]. In
accordance with the ultrastructural presynaptic
defect, electrophysiological analyses showed that
lack of wit function results in a dramatic decrease in
transmitter release [3,4]. Although the wit mutants do
not reach adulthood, some flies that survive to the
pharate stage exhibit leg movement defects. These
results show that Wit plays an essential role in the for-
mation and function of the neuromuscular junction.
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Figure 1.
(A) A model for Wingless signalling at the
Drosophila neuromuscular junction. Wg,
secreted by motor neurons at the synap-
tic junction, binds to its receptor DFz-2
located presynaptically and postsynapti-
cally (1). In synaptic boutons, Wg regu-
lates microtubule organisation by
modulating Futsch function (2). Wg also
regulates the assembly of the presynaptic
active zones (3), possibly by signalling to
the nucleus (4). Postsynaptic DFz-2 might
act as a sink to regulate Wg levels at the
synapse cleft (5). (B) Wit signalling at the
neuromuscular junction. The Wit receptor
is localised to the presynaptic terminal
where it regulates synaptic growth and
neurotransmitter release. The postsynap-
tic muscle cells could secrete a Wit ligand
(1). Wit receptor activation increases
phosphorylated-Mad (P-Mad) levels,
which could then regulate transcription of
genes involved in presynaptic growth (2).
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Further evidence implicating TGF-β signalling in
synaptic growth comes from the recent identification of
the spinster (spin) mutation in Drosophila [5]. Sweeney
and Davis [5] found that spin mutant flies have a two-
fold increase in the number of synaptic boutons relative
to wild type, although bouton size is normal. Interest-
ingly, lack of spin decreases neurotransmitter release.
Spin is required both presynaptically and postsynapti-
cally. The localisation of Spin protein and the defect in
a late endosomal compartment suggest that Spin reg-
ulates membrane transport, and thereby affects intra-
cellular signalling. Interestingly, the spin phenotype is
opposite to that of the wit mutant and can be rescued
by mutations in the TGF-β receptors Sax, Tkv or Wit.
Furthermore, mutation of the Dad gene, which encodes
an inhibitory Smad, mimics the spin phenotype [5].
These studies strongly suggest that lack of spin func-
tion results in enhanced TGF-β signalling; however, a
direct demonstration of aberrant TGF-β signalling in
spin mutants is missing.
The new findings implicating Wnt and TGF-β
signalling in synapse formation and growth have shed
new light on how neurons and their synaptic partners
talk to each other. The well-characterised Wnt and
TGF-β signalling pathways provide a unique opportu-
nity to unravel the mechanisms underlying the assem-
bly of the presynaptic and postsynaptic apparatus. It
has been shown that, in different developmental con-
texts, Wnts and TGF-β signalling can interact either
antagonistically or synergistically. Importantly, Wnt sig-
nalling interacts with intracellular components of the
TGF-β pathway [17]. These secreted signalling mole-
cules could thus provide a flexible way of controlling
the formation, growth and maintenance of synapses.
In vertebrates, anterograde signals — such as
calcitonin gene-related peptide, neuregulin and agrin —
regulate the expression and clustering of acetylcholine
receptors on postsynaptic muscle fibres [18]. Agrin acts
to cluster acetylcholine receptors through its receptor
Musk. Interestingly, Dishevelled, a component of the
Wnt signalling pathway, interacts with Musk and regu-
lates acetylcholine receptor clustering [19], suggesting
that Wnt signalling might modulate agrin signalling. The
new functions for Wnt and TGF-β signalling at the
Drosophila neuromuscular junction raise the exciting
possibility that these pathways might also operate at
the vertebrate neuromuscular junction.
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